Clemson University

TigerPrints
All Theses

5-2016

Heat Assisted Single Point Forming of Polymer
Sheets
Shubhamkar Kulkarni
Clemson University, shubhak@g.clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Recommended Citation
Kulkarni, Shubhamkar, "Heat Assisted Single Point Forming of Polymer Sheets" (2016). All Theses. 2326.
https://tigerprints.clemson.edu/all_theses/2326

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

Theses

HEAT ASSISTED SINGLE POINT FORMING OF POLYMER SHEETS

A Thesis
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Mechanical Engineering

by
Shubhamkar Kulkarni
May 2016

Accepted by:
Dr. Gregory Mocko, Committee Chair
Dr. Georges Fadel, Committee Member
Dr. Lonny Thompson, Committee Member
Dr. Srikanth Pilla, Committee Member

ABSTRACT

The objective of this research is twofold; i) study the formability of thermoplastics
using heat assisted single point incremental forming and ii) test the effectiveness of hot air
for this application. A conventional process used for forming polymer sheets is
thermoforming. In thermoforming, a plastic sheet is heated above its glass transition
temperature and vacuum is used to draw the sheet into the die. Thermoforming requires
dedicated tooling, heating and vacuum systems. An alternative method is single point
incremental forming, used for manufacturing parts from sheet materials without the need
of dies/molds. In this process, a tool forms the sheet in a series of localized incremental
deformations. This process has been studied in sheet metal forming, but recently has been
applied to thermoplastics. Locally applied external heat has been shown to improve the
ductility of sheet metals and enhance formability using single point incremental forming.
This concept has been tested for improving the formability of polymers in this research.
Specifically, in this research a testing set-up has been developed and experiments are
conducted to study the impact of external heating on the forming limits, forming forces,
surface quality, and failure modes. A single point incremental forming device is modified
through the development of a specialized tool holder and nozzle which heats the polymer
sheet (lower than the glass transition temperature) and applies the forming loads.
The results from the experiments indicate that using heat assisted forming there is: i)
an increase in the formability from 27 degrees to 46 degrees when comparing room
temperature forming to forming at an elevated temperature, ii) a reduction in the forces
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needed for forming, and iii) no visible difference in surface finish on the formed parts.
Future research includes 1) simulating the localized deformation of the material to enable
process planning, 2) increasing the forming forces and heat control of the system, and 3)
exploring the manufacturing technique to other materials. This method has a potential to
be an economical method for low volume manufacturing of thermoplastic polymer sheets.
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CHAPTER 1 INTRODUCTION

1.1 Frame of Reference
Thermoforming is the common approach for forming polymer sheets. In this a sheet of
thermoplastic material is heated to an elevated temperature, then formed over a mold. There
are several variations on the base process including the use of vacuum pressure and male
and female molds. Thermoforming progresses as follows (see Figure 1);
1. Plastic sheet is heated above its glass transition temperature (see Table 1).
2. Vacuum suction or air pressure is used to draw the sheet into a predesigned mold.

Figure 1. Thermoforming Process [1]
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Table 1. Common thermoforming temperatures [2]

Materials

Lower
Upper
Processing
Orientation
Processing
Temperature[F] Temperature[F] Temperature[F]

Acrylic

300

325

425

Acrylic/PVC

290

310

400

Polycarbonate

335

350

400

Polyethylene

260

270

430

Polypropylene

270

280

380

Polysulfone

375

415

575

Polystyrene

260

275

360

Vinyl

220

245

310

This process offers low production time and costs for mass production. However, it has
limitations to the thickness of the material that can be formed using this process (up to
13mm [3]). Although the tooling costs are lower than other comparable processes (injection
molding), the process requires dedicated tooling [3]. Also, heating and vacuum systems are
required. Developing tooling involves design and fabrication which requires time,
materials and machining. There is a need for an alternative process for forming a low
volume of plastic sheets without using dedicated tooling with minimal operations, time and
costs. Possible solutions to this, currently include Single Point Incremental Forming
2

(SPIF) which does not require molds. In this process, a CNC tool forms the sheet in a
series of deformations. These deformations are localized and incremental. This method is
similar to layer based manufacturing; instead of adding material layer by layer, the material
is deformed incrementally (see Figure 2).

Figure 2. Single Point Incremental Forming [4]
The tool has a hemispherical tip which provides a precise area of deformation and also
helps to reduce friction and abrasive wear at the interface. It is usually made of tool steel.
These tools are rotated in a spindle or freely rotating. The process has low tooling
investment and the tool can be reused for different geometries. A variety of shapes
including asymmetric and complex geometries can be fabricated. One of the popular
industrial example of this technology is the Ford Freeform Fabrication Technology (F3T)
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[5]. In contrast to thermoforming, this process does not require specific molds, heat and
vacuum force.
SPIF originated as a technique for die-less manufacturing of metal sheets. Currently,
research activity in SPIF of polymers is also increasing. The research on polymer SPIF has
been restricted to a few materials with limited theoretical investigation. One major
challenge involved in SPIF of some thermoplastics is their lower forming limits due to
higher brittleness as compared to metals. This makes steep angles, higher depths and
complex features difficult to form as there is a greater tendency to fracture or undergo
brittle failure. This affects the suitability of polymers for this process. Hence, there is a
need to develop different approaches which improve the formability of polymer sheets. It
has been observed that formability of metal sheets can be improved by using external heat
assistance. It needs to be determined if the same concept can be used for improving
formability of polymer sheets.
1.2 Research questions and hypotheses
The objectives of this research are summarized with the following research questions:
1. How can the formability of polymer sheets be improved using SPIF inspired method?
2. What is an effective means of heating the sheets externally?
These questions have been addressed through the following research hypotheses.
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Research Hypotheses
a. Formability of polymer sheets can be improved by performing SPIF at
temperatures above room temperature but below the glass transition
temperature of the polymer being formed
For testing if dynamic local heating improves the formability of polymer sheets
without changing. This is for testing if elevated temperature forming can improve
formability without changing state of polymer. Formability is evaluated by measuring
the maximum angle formed on a continuously varying angle cone. Higher formability
indicates a higher value of formable angle.
b. Hot air is an effective means for heating polymer sheets for SPIF and
independent of the contact condition
Hot air is advantageous over other alternatives as it does not involve solid-solid
contact reducing the possibility of chip production. Also heat supplied by the heat gun
does not depend on the material being formed unlike Joule’s heating or frictional
heating. The hot air is supplied creating a hot spot leading the tool by a distance of
approximately 1/8”. The hot spot is characterized by its temperature which is
considered the elevated forming temperature. The hotspot creates a preheated portion
of the sheet which is then formed by the tool. This is inspired from laser assisted
forming described later in this document.
1.3 Outline of the thesis
This thesis involves the following tasks;
5

1. A literature review which discusses the past research and development in the field of
SPIF has been carried out to understand the current state of the process. This is
discussed in Chapter 2.
2. Building a setup for experimenting with this technology, finding software tools which
can be used for process planning. These are described in Chapter 3.
3. Designing experiments, taking measurements and analyzing of results. This is
described in Chapter 4.
4. Drawing conclusions from the results and identifying future areas for research. This
covered in Chapter 5.
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CHAPTER 2 LITERATURE REVIEW

2.1 Overview of incremental sheet forming
Incremental Sheet Forming (ISF) is a process in which sheet materials are formed by
continuous localized deformation of the sheet along a pre-designed path depending on the
geometry to be fabricated. The process has its origin in conventional spin and shear forming
processes which makes use of rotating mandrels to form sheet metals [6]. Variants of the
process have evolved, in which the mandrels have been replaced by single point tools and
due to advancement in CAD/CAM systems, the controls are by a computerized system.
These single point tools have made it possible to manufacture asymmetric parts using ISF
by eliminating symmetry produced by rotation of the blank.
There are four primary variations of asymmetric incremental forming as follows (see
Figure 3) [7]:


Single Point Incremental Forming (SPIF): Single tool with a hemispherical tip which
incrementally forms the sheet.



Incremental forming with counter tools: Two similar tools on opposite sides of the
sheet forming the same local region of the sheet.



Two point incremental forming: A partial die supports the sheet on the opposite side
of the forming tool.



Two point forming with full die: Tool incrementally forms the sheet supported by a full
or complete die.
7

Figure 3. Variations of Asymmetric Incremental sheet forming [7]
In all the processes, a specially shaped tool, forms the sheet locally with or without a
backing die or tool. These local deformations are small and add up to the final desired
shape. Out of all the processes, SPIF differs from the other processes as the sheet is being
formed only at a single point of contact, requiring only one tool. The other methods make
use of dies or counter tooling, necessitating the use of complicated control systems, and
extra costs. For the advantage of minimizing the tooling investment, SPIF was selected as
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the best alternative. The disadvantage is reduced control over the deformation as compared
to the other processes which involves greater support for the material [8].
The basic components of a SPIF system are as follows (see Figure 4) [7]:


Blankholder - Designed to clamp the sheet on the periphery and allow the central
portion to be formed.



Forming tool - The forming tool is usually made from a tool grade steel, is cylindrical
with a hemispherical forming tip.



Spindle - The tool is typically rotated by means of a spindle.



CNC control for the tool – A CNC machine is used for precise toolpath control.



Toolpath planning system. - CAD models are utilized for generating the toolpaths.
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Figure 4. Essential components of a SPIF system [7]
This technology has been successfully used for rapid prototyping of automotive and
biomedical devices from sheet materials [7] (see Figure 5).

10

Figure 5. Automotive part fabricated using SPIF [7]
Echrif and Jesweit [9] groups research on incremental forming into six key areas (see
Figure 7). These categories are discussed below:


Forming method - Based on the forming method used; single point forming, two point
forming or a combination of stretch forming and single point forming.



Forming sheet - Common materials used for forming are Aluminum, Magnesium,
Titanium and Polymers.



Forming path - Forming can be single stage or multi stage. Also, the tool path profiles
could be step down or helical type (see Figure 6). The step down profile can be either
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unidirectional or bidirectional depending upon if the direction of the tool alternates with
each step.

Figure 6. Different tool path strategies [9]


Forming tool -Different forming tools include water jet and rigid tools. Assisted
forming techniques have also been developed which include hot electric and laser spot
techniques.



Forming Limits-This deals with the theoretical understanding of the mechanics
involved in the process.



Simulation-Finite element techniques have been used for simulating 2D and 3D
forming processes.

The scope of this research is heat assisted SPIF of polymers, single stage forming using
profile toolpaths (see Figure 7).
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Figure 7. Research areas in SPIF [9]
2.2 Mechanics of Single Point Incremental Forming (Metals)
Research on the mechanics of SPIF process of sheet metals has been mainly focused on
understanding the deformation modes, role of process parameters, developing theoretical
models and simulations to understand the underlying phenomena.
The thickness variation should ideally follow the sine law [6]; deformation mode of in SPIF
is shear and hence the wall thickness variation is given by the following equation;
Ti  T f sin 

where, 𝑇𝑖 = Initial wall thickness, 𝑇𝑓 = Final wall thickness and 𝛼 = wall angle.
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(1)

Young and Jeswiet [10] finds that the thickness variation during single pass SPIF does not
always follow the sine law. The thickness starts at a higher value than the sine law,
decreasing with depth, eventually becoming constant at a value lower than predicted by the
sine law (indicated by the bold horizontal line in Figure 8).The test geometries are cones
with constant wall angles. The deformation mode is found to be bending initially,
eventually transitioning to shear.

Figure 8. Thickness variation in single stage SPIF [10]
Kim and Park [11] states that ball caster tool (freely rotating) enhances formability as
compared to a hemispherical tip tool. Also, decreasing the feed rate showed an increase in
the formability. Durante and colleagues [12] demonstrates that increase in the rotational
14

speed decreases the forming forces due to increased friction. Friction produces a
temperature rise which is responsible for the force reduction. The combination of the
direction of tool rotation and direction of feed collectively affect the frictional force
involved. The roughness of the finished part was found to be reduced when the tool was
rotating compared to the case where the tool was sliding. Silva and colleagues [13] presents
a theoretical model for SPIF using membrane analysis. Three deformation modes are
presented for the localized plastic zone at the tool-sheet interface depending upon the
toolpath as follows (refer Figure 9);
A. Flat surfaces under plane strain stretching when the tool travels in a straight line.
B. Rotational symmetric surfaces under plane strain stretching when the tool travels along
a curve.
C. Corner region under equal bi-axial stretching when the tool makes sharp turns.
In this model, the frictional force acting at the interface is modelled as a combination of
two in-plane components. The meridional component of friction in the perpendicular plane
due to step down and in plane circumferential component due to tool rotation. It is
demonstrated that circumferential friction has negligible contributions to the forming.
Equations for stresses and strains in the three deformation models have been developed
(see [13]). These provide the theoretical means for estimating the stresses in the sheet.

15

Figure 9. Different types of deformation modes for the interface [13]
Two procedures used for determining the formability are [13];


Using an etched circle grid analysis to formulate the Forming Limit Diagram (FLD).
This procedure generates a curve in the principal strain space and is used for indicating
the formability of sheet materials. Since the failure in SPIF is due to uniform thinning,
necking is not observed before fracture. Hence, Fracture Forming Limit Diagrams
16

(FFLD) are recommended. The difference between the two is that while FLD considers
necking as failure, FFLD considers the onset of fracture as failure. FFLDs are thus a
better indicator of the formability, explaining the higher forming limits encountered in
SPIF.


Determining the maximum drawing angle which can be formed before failure. Using
the equations of stress and strain presented (see [13]) it is shown that the maximum
drawing angle corresponds to the strains encountered at onset of fracture.

The paper establishes these two forming tests to be equivalent as formation of fracture is
the criteria of focus. Xu and colleagues [14] puts forward a ‘noodle’ theory for explaining
the increased formability as compared to traditional forming. It states that despite higher
strains induced in instable regions, the part does not fail until the onset of fracture due to
localized deformation (see Figure 10). This is in contrast to conventional forming were the
stresses due to deformation keep adding up and fracture occurs at the first weak site of
instability.

17

Figure 10. Noodle theory describing the series of localized deformations resulting
in higher forming limits [14]
In other words, a series of damaged sites are formed however they do not affect the
formability because the deformation is localized. It is also found that the initiation of crack
occurs on the outer side as the sheet undergoes bending along the tool and the outer side
has higher strain as shear through the thickness is higher. Skjoedt and colleagues [15]
experimentally confirms that the Forming Limit Curves (FLC) predicted lower levels of
strain than those achieved in incremental forming. Silva and colleagues [16] concludes that
the relative radii ratio of the part and the tool defined as Incremental tool ratio is the
deciding factor for failure to take place with or without necking. There exists a critical
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value of the Incremental tool ratio which decides whether necking occurs or is suppressed.
For large tool radii, the ratio is small and failure occurs due to localization by necking. On
the contrary, for small tool radii, the stabilizing effect is not sufficient and necking is
suppressed. This provides an explanation for the role of necking in SPIF.
Research efforts have also been concentrated on developing simulations of the process.
Simulation model for SPIF of sheet metals developed by Arfa and colleagues [17] uses
ABAQUS for creation of a material model taking into account the anisotropic elasto-plastic
behavior and isotropic hardening. The simulations reveal that largest thinning occurs where
the largest plastic strains act which is at the highest value of the forming angle. The forming
forces are found to increase with sheet thickness. The results of the simulation are found
to be in agreement with the experimental findings. The feasibility of LS-Dyna code for
numerical simulation of SPIF is established from the work of Manco and colleagues [18].
Barlat–Lian model is used to characterize material yielding behavior. The results are found
to be comparable to the actual observations.
From this section, we can conclude that;


The variation of thickness during SPIF deviates from the theoretical values predicted
by the sine law.



Compared to conventional die forming, higher forming limits are achieved. This is due
to localized thinning which results in creation of isolated damage sites which do not
affect the overall formability.
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Occurrence of necking during SPIF depends on relative size of the tool and the
geometry. For most of the SPIF experiments, the tool size is relatively small as
compared to the geometry size and hence necking is not observed.



Formability limits are estimated using two principal methods; i) Fracture Forming
Limit Diagrams and ii) Maximum wall angle that can be formed.



Deformation is due to biaxial tension and shearing. There is a need for a detailed
theoretical investigation in the underlying phenomena.

The mechanics of polymer SPIF have been developed on the basis of the concepts
presented above. This has been discussed in section 2.4.
2.3 Variations and innovations in SPIF
Different modifications and additions have been made for improving SPIF. These include
developing multistage forming strategies, development of assisted SPIF processes,
experimenting with different materials. These concepts offer advantages like improved
formability and reduction in forming forces.
Jackson, Allwood and Landert [19] successfully forms mild steel-polypropylene-mild steel
composites. The Metal-Polymer-Metal composites were studied under straight and spiral
paths. The paper identifies different failure types observed in SPIF of composites; face
plate fracture, core shear, local indentation & delamination (see Figure 11).It is found that
panels have to be ductile and with incompressible core and faceplates to prevent
indentation.

20

Figure 11. Defects in SPIF of composites [19]
Multi stage forming strategies have been developed for achieving uniform thickness
reduction and improving forming limits. Manco and colleagues [18] analyze the variation
of thickness distribution with tool trajectory. Four different tool path strategies; single
slope, incremental slope, wall slope and decremental slope are compared. Except single
slope, the other strategies involve multi stage forming (see Figure 12). The results show
that the decremental slope strategy was the best option with a 40% higher minimum
thickness value. However an unwanted projection was observed.

21

Figure 12. Different toolpath strategies [18]
Skjoedt and colleagues [15] develops a Down-Down-Down-Up (DDDU) approach for
forming vertical walls. This strategy is distinct in that for the last stage, the sheet is
deformed on the opposite surface for removing the unwanted projection produced. Duflou
and colleagues [20] uses a multi-step approach for forming vertical walls by starting with
a wall angle of 50 degrees and increasing it in subsequent increments of 10 degrees.
Comparison with single step forming showed that resultant thinning obtained in multistep
22

forming was more than single step forming. This showed an enhancement in the forming
ability. It is also suggested that vertical wall angles may not be the process limit. A two
stage method for forming steep walls is proposed by Young and Jesweit [10]. In this
method, the first stage draw angle is smaller than the final value. This is to avoid excessive
thinning observed with single pass SPIF of pars with steep wall angles. Araghi, Manco and
colleagues [21] combines incremental sheet forming with conventional stretch forming
(see Figure 13). In this method, stretch forming is first used to create the preform by
pressing the sheet on a die. In the subsequent step, the single point tool forms the
complicated features like grooves and corrugations. The main argument is that such a
process will require a smaller process time and would yield accurate parts with uniform
thickness distribution.
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Figure 13. Process combination of SPIF and stretch forming [21]
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Ziran , Gao and colleagues [22] finds that by using a flat tool with proper corner radius,
higher formability of the sheet can be achieved as compared to a hemispherical tool. Also
a reduction in the forming forces is observed. An improvement is observed in the flatness
of the base being formed and accuracy. Also, the corner surface finish is found to be better
than spherical tools. Buffa and colleagues [23] uses friction for enhancing the formability.
The tool is rotated at very high speeds. Lubrication is provided to avoid sheet abrasion and
increased surface roughness. Increased formability is observed. Temperature measurement
show temperature rise in the forming area. Also, microstructural images showed a
reduction in grain size and micro-hardening. Ambrogio and colleagues [24] uses a heated
blank holder for warm incremental forming of magnesium alloy sheets. This is necessary
because magnesium alloy sheets require an elevated temperature for forming. The sheets
are heated to 200 -300C. An enhancement in the formability of the sheets is observed. A
reduction in the forming forces is observed with elevated temperatures which is consistent
with the results of other forming methods on the same alloy. Duflou and colleagues [25]
uses external dynamic local heating for improving formability. An Nd-YAG laser is used
to heat the sheet blank in a localized zone. The laser beam is controlled by a 3-axis CNC
while the tool is controlled by a separate 6-axis CNC machine. The laser beam is positioned
leading to the tool while in motion (see Figure 14 and Figure 15). This is done to overcome
the effects of thermal inertia which is the time required to absorb and heat up.
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Figure 14. Positioning of the tool and the laser spot [25]

Figure 15. Experimental setup for laser assisted forming [25]
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A cooling arrangement is provided to generate a suitable temperature gradient around the
tool sheet interface. This creates a localized low yield strength area with improved ductility
a favorable condition for forming. The application of the heat helps to achieve a reduction
in the forming forces. Reduced springback is achieved which indicates improved levels of
accuracy. The formability or maximum formable angle increased by 7 degrees when
heating was used. Potential advantages include improved surface roughness and reduced
residual stresses. These need further investigation.
Gottmann and colleagues [26] presents a control system for a coaxial laser assisted SPIF
of titanium sheet parts. The advantage of this system is that it does not need a separate
CNC machine for controlling the laser beam. The laser beam travels along with the tool in
a special adapter. The laser beam rotates around the tool using optics to adjust according
to the direction of tool travel so as to be always leading the tool. The adapter is specially
designed using beam shaping optics. Cylindrical lenses have been used which can vary the
shape and intensity of the laser beam by varying the positions. These lenses are controlled
using a motor which has an aperture in the center for the laser beam to pass through (see
Figure 16).
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Figure 16. Adapter designed for coaxially rotating laser system [26]
The formed parts show two different failures; cracking and thermal failure. Higher forming
depths are achieved by utilizing the laser system as compared to room temperature forming.
Higher heating temperatures are achieved around narrow corners due to slower velocity
which increases the possibility of thermal failure. The paper also highlights the need for an
accurate temperature measurement and control system. Also, conventional temperature
measuring techniques like Pyrometry and Thermometry are found to be difficult to use for
this application.
Al-Obaidi and colleagues [27] uses an induction heater as the means for dynamic local
heating in SPIF. The inductor moves in tandem with the tool underneath the sheet and heats
it up. A reduction in the forming forces is observed by using induction heating along with
improved formability and reduced springback in high strength steel alloys.
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Fan and colleagues [28] uses electric current for assisting in SPIF. The technique makes
use of Joules law; high DC current flowing from the tool to the sheet creates heat at the
tool-sheet interface (see Figure 17). Increase in the formability is achieved. This attributed
to an increase in the temperature which increases the ductility. This is useful for certain
alloys which have poor formability at room temperature.

Figure 17. Electricity assisted hot SPIF [28]
The heating effect is observed to be dependent on the resistivity of the material being
formed. The current value is selected to heat the sheet to the maximum without burning.
Residual stresses are observed at corners due to presence of a stress gradient. To counter
that, a new strategy is suggested which involves increasing the temperature and decreasing
the feed around the corners to ensure sufficient forming.
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Xu and colleagues [29] compares the process potentials for friction stir and electric hot
assisted incremental sheet forming. It is concluded that friction stir assisted sheet forming
results in higher reduction in the forming forces and a higher feed rate can be employed.
Heating rate of electric hot assisted sheet forming is found to be faster than friction assisted
SPIF which is helpful for making certain extreme geometries. However, the main issue
with electrical ISF is that the heating does not reach equilibrium rather keeps on increasing
the temperature. For the friction assisted method improper feed rate-speed combination
creates a milling effect or chips off the material. Overall, electric hot assisted ISF is found
to be more suitable than frictional stir assisted ISF.
All the above assisted techniques make use of locally applied external heat for improving
formability. Different means have been used for providing heat including friction, lasers,
induction heater and Joule’s effect. Heat is found to be beneficial as it improves ductility
of the material. This is especially useful for materials which have poor formability at room
temperature. Multistage forming strategies have been found to give better results than
single stage forming. Steel plastic composites have been successfully formed. However,
new modes of failure are found due to the laminar nature of the composites. Use of SPIF
for forming polymers is described in the next section.
2.4 SPIF of polymers
SPIF originated as a method for forming sheet metal. In recent years, it has also been
applied for forming polymer sheets. This section is a brief review about the developments
made in this field.
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Franzen and colleagues [30] makes the first attempt at using SPIF of polymers for
developing a low cost procedure for cold forming of small batch and high quality polymer
parts. The experiments are conducted on PVC. The setup used for forming is based on
previous setups (see Figure 18).

Figure 18. Experimental setup for SPIF of PVC [30]
The tools are held in a spindle with a bearing arrangement which means the tool is free to
rotate rather than being spindle driven. This is for eliminating the effort needed for rotating
the tool and for avoiding sliding friction, reducing the tool wear and forming forces
required. CATIA V5 software is used to model the part and generate G-codes.
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Figure 19. Truncated cone geometry used for the experiment [30]
The geometry used is a truncated cone structure with increasing forming angle (see Figure
19). The lubricant used is a 1:1 mixture of water and soap. Surface roughness is found to
increase with a decrease in the size of the tool. Comparison between the finished part and
the original CAD model reveal that the differences are within the prescribed limits. Three
modes of failure are observed:


Mode 1: Circumferential crack



Mode 2: Wrinkling along the inclined wall



Mode 3: Oblique crack in the formed wall

Crazing is observed which results in whitening of the formed part. Crazes are essentially
small localized fractures or cracks.
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The effects of change in the process parameters and their interactions on the output in SPIF
of polypropylene is described by Le and colleagues [31]. Four process parameters are
considered; step size, tool size, feed rate and spindle speed. The test geometry is a truncated
cone for determining the maximum wall angle that can be formed without failure. It is
found that formability decreases with smaller tool radius. This is due to an increased
tendency to chip or wear the material. Large step size decreases formability and increases
the tendency to wrinkle. An increase in spindle speed increases formability if combined
with large tool size, small step size or large feed rate. The behavior of polymers when
subject to SPIF is different than metals. Martins and colleagues [32] compares SPIF of five
different polymers; polyoxymethylene (POM), polyethylene (PE), polyamide (PA),
polyvinylchloride (PVC) and polycarbonate (PC) listed in the order of decreasing
crystallinity. It is found that increasing the tool radius decreases the maximum forming
angle and increases initial drawing angle. Greater sheet thickness is found to increase
formability. Springback increases with increase in initial draw angle and reduces with
increasing thickness. Another observation was change in the color of the formed parts due
to crazing. Criteria are proposed for evaluating polymer suitability for SPIF. These are;
 R 
DF  

 Y 



Ductility Factor:



Springback Factor: SF 



Aesthetic Factor: AF 

2

(2)

Y
tE

(3)

 r , g , b 
 r , g , b 0
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Cost Factor: CF 

Cc
C

(5)

These parameters can be used as selection criteria for choosing between different
polymers for SPIF (see Figure 20).

Figure 20. Material evaluation for SPIF [32]
PE and PA are found to be good choices due to their high ductility. POM was found to be
unsuitable for SPIF.
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Silva, Alves and Martins [33] explains the mechanics involved in the process. This is based
on previous work [13] using membrane analysis for predicting the stresses and strains in
SPIF. The causes for the different failure modes are explained as follows (see Figure 21):
i.

Mode 1: Stretching mechanism due to meridional tensile stresses

ii.

Mode 2: It is due to the material not being able to withstand the twisting of radial
cross sectional planes due to circular path of the tool

iii.

Mode 3: Due to redundant straining because of simultaneously straining by
shearing and bending on the    surface

Figure 21. Failure modes observed in SPIF of PVC [33]
The experiments with the forming parameters reveal that the maximum drawing angle
increases with the thickness of the sheet. The maximum forming angle increases with
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smaller initial angle. This is attributed to crazing which are small frustrated cracks which
absorb fracture energy. These crazes occur due to plastic deformation of polymers below
the glass transition temperature. The crazes change the appearance of the sheet due to
stress whitening. The dependence of formability on the initial drawing angle is not
observed for metal SPIF. Marques, Silva and Martins [34] validates the deformation
models predicted by Silva [13, 33]. The study utilizes truncated cone and pyramidal shapes
(refer Figure 22) as the test geometries.

Figure 22. Truncated cone and pyramidal shapes used as benchmark geometries
[34, 35]
Circle grid analysis is used for determining the strains at failure. The strains at failure
points for PC and PVC parts show agreement with the FFLD predicted values. For PA the
experimental values are higher than those predicted using the FFLD due to wrinkling.
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Increase in the tool size signifies higher accumulation of ductile damage. Hence higher tool
radius decreases the formability. The increase in thickness is found to increase the
formability because of lowered values of strain.
According to Davarpanah and colleagues [36], the mode of failure transitions from tearing
to wrinkling with increase in the tool speed and step size. Increasing the step size or
incremental depth improves the formability. This is in contrast to metal SPIF where the
opposite effect is observed. An increase in the tool rotation speed is shown to reduce the
forming forces due to heat generated from friction (see Figure 23). However, there is an
increased tendency to wrinkle for both the above cases. Feed does not positively increase
the formability. Microstructure investigations show an enhanced crystallinity due to Strain
Induced Crystallization (SIC). This is indicated to be a positive result for SPIF of
thermoplastics.
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Figure 23. Comparison of forming forces for different rotational speeds and step
sizes for PLA [36]
The occurrence of wrinkling is attributed to a combination of incremental depth and part
geometry [37]. The tendency to wrinkle in the truncated cone structure is to be found to be
greater in parts with smaller radius of curvature. Higher forming angles are observed for
wrinkling in comparison to cases where tearing failure occurred. Wrinkling is not observed
in the case of straight wall cones which show tearing failure. Further research is needed to
develop a method for predicting the occurrence of wrinkling failure.
A 3D non-linear viscoplastic material model for simulating SPIF of thermoplastic polymers
is presented in Yonan and colleagues [38]. The stress-strain curves for this model are strain
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dependent. The model is tested under different strain controlled tensile tests and alternate
loading and unloading with intermediate holding periods to simulate conditions of SPIF.
The values predicted are in good agreement with the experimental results proving the
validity of the model.
It can be concluded that polymers can be formed using SPIF. Analytical models developed
for metals can be applied to polymers as well. There are contradicting results about the role
of process parameters during the process which needs to be further investigated. There is
agreement about failure modes observed; circumferential crack, twisting failure and
oblique crack. Color change is observed for some polymers due to crazing which are small
localized cracks in the material. Simulation models for SPIF of polymers have to be
developed with accurate material behavior models and deformation modes. SPIF of
polymers thus needs improvements in different aspects and the initial results show good
potential for developing it further.
2.5 Inferences and research opportunities
This section summarizes and draws inferences from the literature mentioned in this chapter.
As noted earlier, SPIF originated as a sheet metal forming technique. In recent years, it has
also been applied to polymers.
Mathematical models have been developed and validated for understanding the underlying
deformation modes involved in metal SPIF. These models have been expanded to include
polymers as well. Simulation models available are limited for polymer. There is a need to
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further progress in this field. These models can be useful for improving the process
planning stage and improving the theoretical understanding of SPIF.
There is agreement about the failure modes encountered in polymer SPIF [30, 33]; tearing,
wrinkling and oblique crack. There is opacity about the role of necking in SPIF. However,
it can be concluded that the occurrence of necking depends upon the relative size of the
tool and the part and for most cases is suppressed. Forming Fracture Limit Diagrams
(FFLD) are better indicators of forming limits as compared to Forming Limit Diagrams
(FLD). This is because of the higher forming limits observed in SPIF due to localization
of damage. Two methods are used for indicating formability [13]; FFLDs and Maximum
wall angle formable. For the later method, benchmark shapes are used as test geometries.
Crazing is observed for some polymers, resulting in color changing (generally whitening).
The underlying phenomena involved in failure modes can be further investigated.
There is not sufficient clarity regarding the role of process parameters in this process.
Different range of values of tool rotation speeds have been used in the various sources cited
above. Some sources use freely rotating tools [11, 30] while some use spindle driven tools
[31]. A freely rotating tool (caster ball) is found to give better results than a spindle driven
tool [11]. It can be concluded that increased speed of tool rotation is beneficial for forming
as it produces increased friction thereby heat reducing the forming forces and improving
the formability. Adequate lubrication is required as there is an increased tendency to wear
the sheet. In polymers, increased tool rotation leads to an increased tendency to wrinkle
thus limiting its value. The friction at the tool sheet interface, is found to be composed of
two components; meridional between the side wall and the tool, which is the dominant
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force and in plane circumferential friction at the tip which is negligible [13]. There is
opacity regarding the role of incremental depth or step size. Some papers point out that an
increase in the incremental depth reduces the formability [31] while others argue that
formability is improved for polymers unlike metals. There is agreement that increased step
size leads to an increased tendency to wrinkle or Mode 2 failure. Another ambiguous point
is the role of tool size in the formability. Some authors point out that smaller tool radii help
to improve formability while others claim the opposite. There is a need to further
investigate the role of process parameters in the SPIF of polymers.
Although polymer SPIF is still in the nascent stage and there is need for further
investigation, it has the potential of becoming a production method for polymer sheet parts.
Polymers especially thermoplastics (e.g. PET, PA) have shown good results by this process
which is evident from the range of shapes and good forming limits demonstrated. Although
the technology is limited to manufacturing hollow/shell parts, there is still an extensive
range of geometry that can be formed using this method. The low tooling investment,
simplicity in toolpath planning and control, no mold/die requirement and easily available
machinery make this process a potential rapid prototyping option for different
manufacturing industries.
The forming limits of polymers can be improved by supplying external heat while forming.
As evident from the literature presented, there is potential for exploring this option for
improving the formability of polymers by SPIF. Assisted SPIF methods have been shown
to improve the formability of sheet metals. All the methods make use of externally supplied
heat. The elevated temperature produced improves the ductility resulting in improved
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formability. These methods are especially useful for materials which have poor formability
at room temperature. Other benefits of using heat include reduction in the forming forces
and improved accuracy on account of reduced springback. However, these methods entail
extra equipment involving additional costs and complicating the setup.
This technology could be useful for polymer SPIF. Thus Heat Assisted Single Point
Incremental Forming (HA-SPIF) has good potential. This idea is the focus of this research.
Three different concepts are explored for the die-less forming of polymer sheets. These
are:
i.

Heat gun and vacuum combination

ii.

Single Point Incremental Forming

iii.

Heat assisted Single Point Incremental Forming

The results of the first two concepts are not satisfactory. The first concept produces
undesirable warping and the second is unsuccessful due to force and material constraints.
However, these concepts have helped to evolve the idea of heat assisted SPIF. These
concepts are described in detail in appendices A and B respectively. The next chapter deals
with building the setup for a heat assisted SPIF of polymers.
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CHAPTER 3 EXPERIMENTAL SETUP

This chapter describes the apparatus developed in this research and used for experimental
testing. Heat assisted SPIF has been tested in two stages; unidirectional HA-SPIF in +Y
direction and omnidirectional HA-SPIF in XY plane. A common apparatus has been used
for both the stages except for channeling the heat and holding the tool.
3.1 Setup
The common apparatus used for both stages consists of blank holding fixture, heat gun,
CNC machine for control and software for toolpath planning.

Figure 24. Setup for heat assisted SPIF (top view)
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Figure 25. Setup for heat assisted SPIF (front view)
The setup used is based on previously benchmarked apparatus (see Figure 24 andFigure
25) [30]. It consists of the following components:


Blank holder -It is a steel plate measuring 12”x 12” x1/8” (304.8mm x 304.8mm x
3.175mm). The plate has a circular hole of diameter 10” (254mm) in the center. This
plate sits on the top of the blank, positioned by the frame and is held in place the clamps.



Backing plate - This plate also has the same dimensions as the clamping plate. The
diameter of the central hole is 9.8” (249mm). It provides back support to the blank



Toggle clamps - There are four toggle clamps for easy placement and removal of the
blank located at the midpoints of the four edges (Max force 150 lb./ 667N)).
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CNC machine - A Shapeoko 2 CNC is used for controlling the tool motion. Detailed
information is available in appendix C.



Solid tools - The tool diameters are 1/4” (6.35mm) and 1/8” (3.175mm) (refer Figure
26).

Figure 26. Tooling balls used for heat assisted SPIF


Hot air gun - A Steinel HG2310 hot air gun has been used for these experiments.



Software tools for process planning - Three software tools have been used for this
process as follows (see Figure 27):

Figure 27. Software used for the process
1. Solidworks®: For generating CAD models.
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2. Slic3r®: Generating G-code for the geometries made using Solidworks.
3. Universal G-code sender®: Interface between the computer and the machine.
Detailed information about these software is available in appendix D. for this research
stepdown toolpaths have been used.
The scope of this work has been restricted to Polystyrene blanks. Results from initial
experiments have been used to identify feed rate, step size, sheet thickness and tool sizes
that allow to reduce the forming forces below the capacity of the setup. These parameters
have been hence kept unchanged throughout the extent of this work.
3.2 Setup for HA-SPIF in +Y direction (Leading spot heating/Unidirectional
direction HA-SPIF)
The first stage involves testing HA-SPIF the concept in one direction (+Y). A copper tube
is attached to the reducer nozzle (diameter 1/8”) of the heat gun. This tube is bent into
shape to channel the air to a spot just ahead of the tool. This creates a hotspot on the sheet
in front of the tool (see Figure 28).
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Figure 28. Schematic for unidirectional heating [30]
This arrangement requires that both the tool holder and the heat gun be mounted on the
carriage of the machine (see Figure 28 andFigure 29).

Figure 29. Close-up of the setup for unidirectional HA-SPIF for 1/4” diameter
ball
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Thermal images capture the ‘hotspot’ created due to heat. It is seen that the heat leads the
tool in +Y direction (see Figure 30 andFigure 31). When the hotspot leads the tool, the
sheet is heated first and then formed, demonstrating heat assisted forming. The position of
the airflow has been adjusted to create a heated region in front of the tool at a distance of
0 to 1/8” when the tool feed is 500mm/min. According to these parameters, the heating
time is 0.381 seconds from the beginning of heating to the beginning of forming.

Figure 30. Thermal image showing a heated spot or ‘hotspot’
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Figure 31. Schematic of the heated zone for unidirectional heating
This setup allows the heat to be leading the tool in only one direction (see Figure 32). For
the other directions, the heat does not aid in forming. Comparison of forming with and
without heat can thus be studied compared by observing the outcome in opposite directions
(+Y and –Y).

+X
+Y

Figure 32. Position of the hotspot with respect to the tool in different directions
(Unidirectional heating)
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Hence this setup is effectively for unidirectional heat assisted SPIF.
3.3 Setup for HA-SPIF in XY plane (Circumferential heating around the tool/
Omni-directional heating)

Figure 33. Schematic of omnidirectional HA-SPIF
For the second stage, there is a need to develop a system which allows the heat to lead the
tool in any direction (XY plane). A nozzle has been designed which performs both
functions; holding the tool as well as channeling the heat. The nozzle is designed to fit on
the outlet of the heat gun. It has a central hole (1” deep) for holding the tool while four 1/8”
through holes are arranged around the central hole. These holes blow out hot air around the
area surrounding the tool (see Figure 33). The nozzle has been designed to form a
maximum slope of 10 or 84 degrees wall angle. Four holes ensure cross ribs are present to
support the tool. The heated zone in front to the tool has been designed to be extend from
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0 to 1/8” at uniform temperature. The nozzle has been covered using an insulating fabric
to minimize heat losses and avoid potential burn hazards.

Figure 34. CAD model of the nozzle (left) and thermal image (right) showing a
localized heating zone around the tool
A circular heated spot is observed surrounding the tool (see Figure 34). The forming zone
is inside the heated zone (see Figure 33 and Figure 34). This allows for the heat to lead the
tool in any direction thus allowing HA-SPIF in any direction in the XY plane. The heated
region created on the sheet (see Figure 35) is similar for the unidirectional heating case
using a feed rate of 500 mm/min.
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Figure 35. Heated region with omnidirectional heating
Also the nozzle performs the function of holding the tool eliminating the need for a spindle.
This reduces the complexity and bulk of the setup. The effectiveness of the setups for both
unidirectional and omnidirectional HA-SPIF is thus demonstrated.
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Figure 36. Position of the hotspot with respect to the tool in different directions
(Omnidirectional heating)
CNC machine control allows for accurate control for tool position and speed. Difficulty is
observed while measuring surface temperature as the thermal camera has to be accurately
pointed at the forming site at the tip of the tool. This is difficult considering the tool motion,
manual judgment involved in pointing the thermal camera, small size of the forming zone
and continuous temperature fluctuation due to heat transfer to the surroundings. Thus for
practical ease, surface temperature is not considered as a process parameter. Instead the
temperature setting on the heat gun is used as the indicator of temperature. As mentioned
earlier, it is difficult to measure the temperature of the sheet in the forming zone.
Approximate surface temperatures obtained for the different temperatures are given in
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Table 2. These have been observed over multiple readings near the forming zone. These
temperatures are lower than the glass transition of polystyrene (212˚F).
Table 2. Approximate Surface temperatures achieved

Temperature setting [˚F]

Surface Temperatures[˚F]

150

130

200

150

250

170

300

180

350

190

The temperature setting on the heat gun also gives an indication of the rate of heat supply
(see Table 3). These values indicate the maximum heat extractable from the hot air at exit
from the heat gun.
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Table 3. Rate of heat supply for different temperature settings

Temperature setting [˚F]

Heat supply [W]

150

162.430

200

243.87

250

353.68

300

449.82

350

535.73

The torque output of the motors on the CNC machine is low (62 oz.-in / 0.438 N-m). This
limits the force capacity of the machine, reducing the feed rates, step size, tool size, sheet
thickness and wall angles that can be employed in forming. Overall, the setup is effective
as a prototype, however, there are some issues which need to be addressed for improving
it further.
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CHAPTER 4 EXPERIMENTS AND RESULTS

This chapter describes the experiments conducted, design of experiments, results obtained
and inferences. The first section describes the process parameters involved in the process,
the second section describes the experiments conducted for unidirectional HASPIF, and
the third section deals with omnidirectional HA-SPIF.
4.1. Process Parameters
The process parameters involved for the process are as follows (see Table 4).
Table 4. Process parameters for heat assisted SPIF

Parameter

Controlled by

Effect

Tool diameter [in]

Tool size

It defines the size of the localized
deformation zone.

Feed [mm/min]

CNC

It affects the heat transfer and the
forming forces.

Step size [mm]

CNC

It affects the forming forces.

Temperature setting [˚F]

Hot air gun

It affects the rate of heating and
the amount of heat.

Airflow setting [cfm]

Hot air gun

It is affects the magnitude of heat
transfer.

The first three parameters; tool diameter, feed and step size are the same as conventional
SPIF. Rotational speed is not a parameter as the tool is held stationary in the nozzle/spindle.
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Two additional parameters; temperature and airflow setting on the heat gun are included
as they affect the heat transfer. The temperature
4.2. Heat assisted SPIF in +Y direction (Leading spot heating/Unidirectional
direction HA-SPIF)
Table 5. Process parameters for +Y direction HA-SPIF (Single factor)

Parameter

Value(s)
Constants

Feed[mm/min]

500

Step down[mm]

0.25

Sheet dimensions[in]

12 x 12 x 1/32

Air volume[cfm]

11

Temperature setting[˚F]

450

Repetitions

3
Variables

Tool diameter[in]

1 4 ,1 8

The objectives of these experiments are:
i.

To test the first research objective, if there is a difference in the outcomes obtained
with and without applying external heat during forming. This is achieved by
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observing deformation on the leading and trailing sides. Heat assisted SPIF takes
place on the leading side while on the trailing side, forming is without heat.
ii.

To compare the deformations obtained with different tool sizes ( 1 4 ” and 1 8 ”
diameter tools).

Figure 37. Test geometry for 1D heat assisted SPIF. Top view (left) and side view
(right)
The test geometry used is a rectangular pyramidal frustum with dimensions (see Figure
37). The wall angle is constant at 30 degrees. As explained earlier the position of the heat
with respect to the tool creates different effects in different direction.
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On the basis of visual comparison of the parts, the results indicate (see Figure 38 through
Figure 39):


Steeper wall achieved on the leading side as compared to the trailing side.



Higher deformation on the leading side as compared to the trailing side.

These results indicate that;


Formability improves with heat. As explained in the literature this could be
attributed to the improved ductility.



Springback is reduced with heat. This could be attributed to the lowered material
strength of the material due to heat.

Trailing side

Leading side

Figure 38. Shape formed with 1/4 inch diameter ball
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Figure 39. Shape formed with 1/8 inch diameter ball
On the basis of visual comparison between parts formed by 1 4 ” and 1 8 ” diameter tools, it
can be seen that;
i.

Higher deformation is achieved with a smaller tool due to reduced springback. This
can be attributed to the reduced angle of contact for the smaller tool which implies
a reduced area at the interface. Thus, the stresses are more localized enhancing
plastic deformation.

ii.

Improved surface texture with a larger tool. This is again because of an increased
area of contact at the tool-sheet interface. This results in an increased overlap
between consecutive tool paths. Thus, due to increased number of tool passes over
an area, the smoothness is improved. This can be used as a strategy for improving
the surface finish of SPIF formed parts.
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4.3 Heat assisted SPIF in XY plane (Circumferential heating around the tool/ Omnidirectional heating)
After establishing the effectiveness of HA-SPIF, experiments are carried out for
determining the best temperature(s) for forming and to determine the improvement in
formability using heat.
4.3.1 Test Geometry: Constant wall angle cone
This experiment aims at determining the best temperature(s) for forming. A straight wall
cone of base diameter 100mm and wall angle 30 degrees is used as the test geometry (see
Figure 40 and Table 6).

Figure 40. Test geometry for temperature test
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Table 6. Process parameters for constant wall angle test (single factor)
Parameter

Value(s)
Constants

Feed[mm/min]

500

Step down[mm]

0.25

Tool diameter[in]

1/8

Sheet dimensions[in]

12 x 12x 1/32

Air volume [cfm]

11

Repetitions

3
Variables

Temperature setting [˚F]

Off,150,200,250,300,350

The results are summarized in Table 7. The failure modes are (see Figure 41):


HFF: High Forming Forces encountered exceeding the machine capacity, the forming
could not proceed if the forces exceeded this capacity.



Mode 1: failure due to circumferential cracking.



Mode 2: Wrinkling Failure due to excessive softening of the sheet.
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Table 7. Results achieved in the constant wall angle cone test

Temperature setting used [˚F]

Repetition 1

Repetition 2

Repetition 3

Off

HFF

HFF

HFF

150

HFF

Success

HFF

200

Mode 1

Success

Success

250

Success

Success

Success

300

Success

Success

Success

350

Mode 2

Mode 2

Mode 2

Figure 41. Failure modes; HFF(0˚F ,150˚F), Mode 1(200˚F), Mode 2(350˚F)
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Temperature settings 250F and 300F are found to be the best forming temperatures as no
failure were observed for all the repetitions. It can be seen that at higher temperatures
(350F) the mode of failure is wrinkling while at lower temperatures (200F) it is Mode 1:
circumferential crack. Also, it can be concluded that there is a reduction in the forming
forces involved as HFF mode is not observed at higher temperature.
Actual temperature measurements on the sheet surface have been taken although not
included in this work. As mentioned earlier, the reason for this is the difficulty to accurately
measure the temperature in the forming zone because of the motion of the tool and the
difficulty to differentiate between forming zone and heated zone using manual judgment.
Approximate temperature measurements have been recorded using a FLIR infrared camera.
More details on this are included in appendix E. The temperature setting on the gun is
found to be a practical parameter and has been used for this work
4.3.2 Test Geometry: Varying wall angle cone
This experiment aims to determine the improvement in the formability achieved with heat.
Previous research shows that maximum wall angle formed can be used to denote
formability. A truncated cone with base diameter 100mm and wall angle changing form 0˚
to 90 degrees is selected as the test geometry (see Figure 42). This is based on the truncated
cone geometry benchmarked in literature. In the previous test, parts are successfully
formed at 250˚F and 300˚F. These temperature settings are used for this test. The design of
experiments is explained in Table 8.
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Table 8. Process parameters for formability test

Parameter

Value(s)
Constants

Feed [mm/min]

500

Step down [mm]

0.25

Tool diameter [in]

1/8

Sheet dimensions [in]

12 x 12 x 1/32

Air volume [cfm]

11

Repetitions

3
Variables
Off,250,300

Temperature setting [F]

Figure 42. Test geometry for formability test
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The failure modes encountered are excessive forces in forming, Mode 2: wrinkling failure
or Mode 1: circumferential crack (see Figure 43). The results are tabulated in Table 9. The
parts are scanned and the maximum wall angle formed is measured (see Table 10). The
scanning procedure is explained in detail in Appendix F.
Table 9. Modes of failure in the formability tests

Temperature setting used

Repetition 1

Repetition 2

Repetition 3

Off

HFF

Mode 1

Mode 1

250˚F

HFF

Mode 1

HFF

300˚F

HFF

Mode 2

Mode 2

Table 10. Wall angles formed
Temperature[˚F]

Maximum wall angle formed (degrees)

Off

27.16 degrees

250

46.54 degrees

300

45.52 degrees
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Figure 43. Failure modes for different temperature settings. BF (0F, 250F), WF
(300F)
The improvement in the formability can be summarized as:


An increase of 19.38 degrees (71.35%) using 250˚F heat setting



An increase of 18.36 degrees (67.66%) using 300˚F heat setting

4.3.3 Statistical Testing
A total of 36 measurements for the maximum angle have been taken for each temperature
setting. These are included in appendix G. Statistical testing is carried out to establish
improvement in forming by using external heat. The mean value of angles are compared
statistically. For testing the equality between means, an Analysis of Variance (ANOVA)
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test is conducted (see Table 11 and Figure 44) for the angle measurements with 99%
confidence level using Minitab [39]. The hypothesis are:

H 0 : OFF  250  300

H A : At least one of the means is different
Table 11. ANOVA test [39]

Source

DF

Adj SS

Adj MS

F-value

P-value

C1

2

8561

4280.59

81.16

0

Error

105

5538

52.74

Total

107

14099

Since the P  value  0.01 it can be concluded that at least one of the means is different.
The Tukey- HSD test is conducted (see Figure 45) to determine which mean(s) is/are
different.
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Figure 44. Plot and whisker plot for the observations [39]

Figure 45. HSD Tukey test [39]
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The means of wall angles are found to be statistically different for the cases without heat
and with heat. There is found to be no significant difference between 250˚F and 300˚F heat
settings ( OFF  250 , OFF  300 and 250  300 ).Next, hypothesis testing to show that
mean angle achieved with heat is higher than the case without heat (equations from [40]).

H 0 : OFF  250  0

H A : OFF  250  0
Z obs 

OFF  250
2
2
 OFF
  250

 5.386

(6)

n

P  Zobs   0.01
Hence, we reject the null hypothesis. We can conclude with 99% confidence level that the
mean of the maximum wall angle formed with 250F temperature setting is higher than
without heat.
Thus, it is statistically verified that the mean angle formed with heat is higher as compared
to the scenario where no heat is used. Although no significant difference is observed
between 250˚F and 300˚F temperature settings. It can be concluded that the best
temperature setting for forming is 250˚F because of a higher tendency to wrinkle at 300˚F.
It can be observed that, the mode of failure shifts from Mode 1: circumferential cracking
to Mode 2: wrinkling failure as the temperature rises. This can be attributed to the
lowered material strength of the sheet due to heat. Also, the absence of Mode 1 failure
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or cracking indicates improvement in ductility which facilitates the improvement in
formability.
One important observation here is that the maximum formable angle without heat is
observed 27.409 degrees. This seems contradictory to the previous test, the constant wall
angle, test where 30 degrees wall angle is used and no failure is observed. This can be
attributed to spring back due to which, in the initial stages, the wall angle is considerably
lower than 30 degrees. Thus it is safe to assume that failure is not observed due to the
forming angle being lower than the formability. This fact cannot be verified due to
difficulty in measuring the angle because of low deformation for the no heat case.
However, spring back can be clearly observed for the other geometries. Thus the results
are justified.
4.3.4 Experimenting with different geometries
For testing the flexibility of the setup, different symmetric and asymmetric shapes have
been used (see Figure 46)
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Figure 46. Different shapes formed using HA-SPIF
Rounded contours, sharp corners, straight edges and combinations of these have been
formed using this setup. These shapes demonstrate the capacity of the setup to successfully
form asymmetric 3D shapes. However, the parts and wall angles are to be designed keeping
in mind the maximum wall angle that can be formed avoiding potential failure points or in
other words high stress concentrations.
The results demonstrate that improvement in SPIF can be achieved using heat assistance.
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CHAPTER 5 CONCLUSIONS AND FUTURE SCOPE

5.1 Conclusions
An experimental setup for HA-SPIF has been developed and tested. It is found that HASPIF showed improvement in formability of Polystyrene sheets. The results answer the
research questions in the following way:
a. Formability of polymer sheets can be improved by performing SPIF at
temperatures above room temperature but below the glass transition temperature
of the polymer being formed
Heat is shown to improve the formability of polymer sheets in SPIF between surface
temperatures of 170˚F to 180˚F as compared to the glass transition temperature of
212˚F. An increase of 19 degrees is seen from 27 degrees to 46 degrees in the
maximum formable angle.
b. Hot air is an effective means for heating polymer sheets for SPIF.
Hot air is an effective way of heat transfer. Required temperatures for forming were
achieved on the polymer sheet surface. Also, surface texture did not show visible
difference for different temperature settings.
As noted in previous literature the improvement in the forming limits can be attributed to
improved ductility because of temperature rise. A reduction in the forming forces is
observed. Although actual force measurements are not taken, HFF failure mode is not
achieved when heat is used, even at higher forming angles and depths. This is in contrast
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to the case with no heat in which HFF failure is observed. However, a thorough study
involving force measurements is needed for establishing this. Due to a non-rotary tool, the
need for a spindle with a wide range of speeds is eliminated. Also, there is no need for a
lubrication system. This helps to reduce the complexity and cost of the setup. A hot air gun
is easy to integrate into the setup and control. Surface roughness is not visibly affected by
the use of heat. There is a need to microscopically verify this. The failure mode shifts from
Mode 1 failure: circumferential cracking to Mode 2 failure: wrinkling with increased
temperature. This could be linked to the reduced material strength of the sheet due to heat
supplied.
This study observes that surface roughness reduces with increase in tool size as found in
[30]. This is clear from the difference in the formed surface achieved using the 1 4 inch
diameter and 1 8 inch diameter tools. Spring back is reduced with a reduction in the tool
size. This is verified through the higher magnitude of deformation achieved using the 1 8
inch diameter tool as compared to the 1 4 inch diameter tool. This result has been
documented in sources mentioned in the literature. Forming forces are found to be higher
for larger size tools because of a higher angle of contact resulting in reduced localization
of stresses. This is seen from the fact that HFF occurred.
It can be concluded that this technology offers an inexpensive and advantageous method
for improving the formability of polymer sheets in SPIF.
5.2 Future scope
The areas for future research on heat assisted SPIF are as follows:
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1. Improving the heat transfer: A potential option would be using a cartridge electrode
as a hot tool for forming. It will further simplify the setup. Another area for research is
temperature measurement and control system. There is a need to develop a system
which would precisely measure the temperature at the forming point. It is difficult to
measure the temperature of the forming zone as the tool is moving. There is also scope
for a system which would precisely control the temperature of the sheet surface by
adjusting the heat supply accordingly. This would be useful as heat retention is one
issue which leads to temperature buildup as the forming progresses.
2. Developing simulations: This would involve developing FEA, new material models
and dynamic heat transfer models. These can be used for optimizing the temperature
and size of the heated area according to the tool size, sheet thickness and material. Also,
the effect on tool wear can be studied to establish longer tool lives.
3. Using different materials: This concept can be applied to a wide range of polymers
and their composites. A stronger, more robust setup can be developed which offers the
flexibility to form different material sheets of different sizes at faster forming rates with
improved forming limits. This would require an experimental setup flexible to
accommodate a variety of sheet materials of different sizes.
4. Process planning: This would involve; toolpath generation algorithm which optimizes
the toolpath for shortest forming times, minimizing the stresses involved considering
the forming limits according to the thickness and material properties can be developed.
It could also modify the unsuitability’s in the geometry. Another aspect would be
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developing multi stage strategies for enhancing forming limits. This has been explored
in previous research and needs to be further developed. This is to take advantage of
uniform thinning for enhancing the forming window. An integrated system can be
developed, which allows the user to design the part, form it and also measure it. This
would offer a convenient RP system. An energy consumption comparative study can
be carried out. This would help quantify the cost savings which can be achieved using
heat.
Thus, there is potential to investigate different aspects of this process and develop it further.
HASPIF helps to improve formability of polymer sheets. Potential costs and time saving
can be achieved making it a valuable RP process. However, it would require extensive indepth research and development before this process can be implemented in the industry.
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APPENDIX A HEAT GUN AND VACUUM COMBINATION

This idea is motivated by thermoforming and SPIF. The concept is that a heat gun would
heat up a selected area on the plastic sheet. Vacuum applied under it pulls down the sheet
thereby forming it (see Figure 47). Thus, it was incremental thermoforming without a mold.
The process is contact free.

Figure 47. Heat and vacuum combination
The setup for the above experiment consists of the following components (see Figure 48)


Wooden Box: A wooden box is designed to act as the vacuum chamber. The size of
the box is 20” x 20” x 6”. Shapeoko CNC is mounted on the box by means of 8
fasteners, 4 on each side. These fasteners press the gantry against the wooden box
thereby securing it firmly. The wooden box is provided with a hole in the back. This is
for the vacuum hose to be connected. To ensure a tight fit, a plastic bracket with a
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flange was 3D printed. This ensured a sealed opening to the box. The top portion of
this box has an opening for the sheet. A wooden frame 1” wide is hinged to the top of
the box. The sheet is clamped between this two frames. Two tabs provide the clamping
force for holding the sheet. The undersurface of the sheet is exposed to the vacuum.


Heat gun: A Steinel 2310 hot air gun was used as the tool for forming the sheets. It
has a temperature range from 120˚F to 1200˚F which can be adjusted in increments of
10˚F. The airflow can also be adjusted in 8 increments from low to high. The heat gun
was mounted on the CNC machine by 3D printed brackets. The gun nozzle has an
opening of diameter 7/8”. For reducing the heated area on the sheet, external reducer
nozzle were attached. The reducer nozzles reduced the outlet from 7/8” to 3/8” and
1/8”. This allowed for improved localization of heat. The nozzle tip was adjusted to be
approximately 1-2mm above the sheet surface.



Vacuum cleaner: A vacuum cleaner was used for supplying the vacuum. The vacuum
cleaner was housed in a cardboard box for reducing the noise produced.
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Figure 48. Setup for heat and vacuum combination
The heat gun vacuum combination is the first concept explored for die-less forming. The
process parameters identified in this process are summarized in Table 12.
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Table 12. Process parameters in heat vacuum combination process

Parameter

Controlled by

Effect

Tool velocity [in/s]

CNC

It affects the rate of heating

Temperature setting [˚F]

Hot air gun

It affects the rate of heating and
the amount of heat.

Airflow setting [cfm]

Hot air gun

It is affects the magnitude of heat
transfer

Vacuum force [psi]

Vacuum cleaner

It controls the down force on the
sheet

Nozzle [in]

Nozzle attachment

Controls the localization of heat

Tip height [in]

CNC

Affects the scatter of heat

Tool path overlap[in]

G-code generator

Affects the surface finish and
extent of heating

Due to the vacuum underneath the sheet, it curves downwards. This makes positioning the
nozzle tip a challenge as the clearance distance varied at different points on the sheet. The
following sections discuss the results obtained with the different nozzle sizes.
A.1 Experiments with 3/8” outlet diameter nozzle
Different velocity-temperature combinations have been tested for determining the best set
of parameter combinations. For each test, the velocity is kept constant and temperature is
varied in increments of 50˚F. These tests are conducted for both thicknesses available
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(1/16” & 1/32”). The design of experiments for the velocity temperature combinations are
summarized in Table 13.
Table 13. Design of experiment for the vacuum-heat combination

Velocity[in/s]

Temperatures[˚F]

1

300

350

400

450

500

2

350

400

450

50

550

3

400

450

500

550

600

4

450

500

550

600

650

The starting temperature is raised by 50˚F for every increase of 1in/min in the
velocity. This is to achieve visibly detectable deformation. This effect is anticipated as the
magnitude of deformation would decrease with an increase in velocity due to reduced time
window available for heat transfer. The airflow is kept constant at full value throughout.
The results are rated visually taking inconsideration the magnitude and uniformity of the
deformation obtained, thickness reduction and color change.
For subsequent tests, a combination of velocity value 2in/s and temperature setting of
450˚F is used as it gives the best results as per visual comparisons (see Figure 49)
Experiments are also carried out for observing the effects on different geometries.
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Figure 49. Velocity-Temperature test sample
The results show a good surface finish (no color change). Since the heat spillover is
considerable with the 3/8” nozzle, a smaller nozzle (1/8” outlet diameter is used for further
improvising the localization of heat. The next section describes the experiments conducted
with it.
A.2 Experiments with 1/8 inches outlet diameter nozzle
A smaller nozzle with an outlet diameter of 1/8” is used. Process parameters are same as
earlier. The results show improved localization of heat. The width of heated zone is reduced
by 75% to 0.25 inches.
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Figure 50. Stepped pyramid using a 1/8” diameter nozzle
The main issue with the heat vacuum combination is the undesirable deformation due to
warping. The central portion of the sheet has warped upwards despite pull of the vacuum
underneath (see Figure 50). Thus, the central portion does not move down after the
periphery has been deformed. This is contradictory to the results obtained by SPIF wherein,
the central portion is pushed down when the periphery is formed. This problem needs
further investigation through simulation models and improvements in the setup.
A.3 Conclusions
The vacuum and heat gun combination is an idea which has not been explored before. The
experiments conducted show that considerable deformation could be achieved using this
technique. However the nature of the deformation is not per expectation due to warping.
This process could be considered to be analogous to laser forming. Thus, changing the
clamping configuration would change the nature of deformation. The procedure needs
further investigation as it has been tested in a limited range of process parameters. A
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simulation model of the process can be developed to gain a theoretical understanding of
the process. Also other factors to be investigated are the use of a more powerful vacuum
suction force, applying local suction force, changing the direction of the G-code (from the
outside to the inside). Also an improved clamping system could be utilized which offers
higher clamping force and more support.
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APPENDIX B SOLID TOOL ROTATED IN SPINDLE

Experiments have been conducted utilizing Single point incremental Forming.
B.1 Tooling balls
Spherical tooling balls are used as the forming tools. Different sizes are used. These balls
are made from tool steel and were sourced from McMaster-Carr. The different tooling balls
used are summarized in table 11.
Table 14. Tooling balls used

Diameter[in]

Description

Material

Source

1/8

Solid ball

Tool steel

Machined in the
workshop

1/4

Solid ball with shaft

Tool steel

McMaster-Carr

1/2

Solid ball with screwed
arbor

Tool steel

McMaster-Carr

3/4

Caster ball with socket

Tool steel

McMaster-Carr

These balls are held and rotated in an Altocrat spindle. The spindle runs on an AC motor
with speeds varying from 8000-32000rpm in increments of 4000rpm. The power rating of
the spindle is 120W. A 1:1 mixture of soap and water is used as the lubricant. A clamping
fixture has been developed for SPIF of polymer sheets (see Figure 51 through Figure 53).
This fixture has a central circular forming area of 10” in diameter. A backing plate 12” x
12” x 1/8” supports the sheet. This plate is mounted on the wooden base by screws. There
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is also a clamping plate of the same size with a 9.8” in diameter hole. There are handles
attached to the clamping plate for easy removal and placement. An external wooden frame
around the plates, provides the alignment and positioning of the plates. Four clamps are
attached at the midpoints of the frame sides. Each clamp is mounted by four base screws.

Figure 51. Clamping plates and external frame
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Figure 52. Setup for SPIF

Figure 53. Schematic for SPIF process [30]
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B.2 Experiments
The second concept explored is SPIF using a solid tool. Solid tooling balls are rotated using
a spindle. Unlike the heat-vacuum combination, in SPIF, the deformation occurs through
contact between the tool and the sheet. Since this involves contact, there are additional
factors involved like higher stresses and forming forces, friction at the tool sheet interface.
The process parameters identified in this concept are explained in Table 15.
Table 15. Process parameters in SPIF

Parameter

Controlled by

Effect

Feed [mm/in]

CNC

It affects the rate of heating

Step down [mm]

CNC

It affects the forces involved in forming

Rotational speed [RPM]

Spindle setting

It affects the frictional force which
controls the surface finish and the forces
involved in forming.

Tool diameter [in]

Tool size

It affects the angle of contact affecting
the springback and forming forces.

Different tool sizes, rotational speeds and other process parameters combinations have
been used. The design of experiments is summarized in Table 16.
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Table 16. Process parameters for SPIF

Parameter

Value

Tool diameter[in]

1/8”,1/4”,1/2”,3/4”

Feed[mm/min]

250, 500,750

Step down[mm]

0.1,0.25,0.5

Rotation[RPM]

0, Free rotation, 8000

Figure 54. Frustum of a cone (left) and a cross shape (right) formed using SPIF
It is observed that the forming forces exceeded the capacity of the machine. Also,
considerable springback is observed which can be seen in the reduced magnitude. In the
given range of process parameters and experimental concepts, measurable deformation
could not be obtained (see Figure 54).
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APPENDIX C SHAPEOKO CNC MACHINE

The Shapeoko 2 desktop CNC machine from Inventables has been used for the setup. The
assembly consists of the following stages:


Gantry: The gantry consisted of aluminum 80-20 extrusions with 20mm sides. These
form the structural members of the machine and also act as guide rails for the carriages
(see Figure 55).



Motors and wiring: The machine has 4 NEMA 17 stepper motors. These motors are
attached to the carriages and drive their movement through a belt drive-splined pulleyidling pulleys combination. The Z axis has one motor mounted vertically which
controls the movement of the tool carriage through a lead screw. The Y axis has two
motors mounted in opposite orientations. The wires are connected in opposite ports for
a common direction movement. The X axis has a single motor which is driven by belt
drive. All the electrical connections are through a 4-wire cable. The motors connected
to the Arduino board through a G-shield. The G-Shield supplies power to the motors
and the Arduino board.

97

Figure 55. Assembled gantry


Bearings & carriages: The bearings have a nylon inner race and are press fit into Vgroove pulleys. These grooves help to slide on the edges of the gantry without wavering
off path. The carriages are flat steel plates with bearings bolted on. Each carriage has
four bearings, two each on the top and bottom. The tool holding carriage rests on the
Z-axis gantry and its movement is controlled by the lead screw which meshes with the
threads of the rectangular nut attached to the carriage.



Worktable: It is made of Medium Density Fiber (MDF) board.
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Controls: The machine is controlled by an Arduino which runs GRBL.A G-shield is
connected to the Arduino (see Figure 56). It handles the incoming power and also
supplies power to the motors. The function of the G-shield is to handle high power, the
Arduino board is not capable of withstanding. The G-shield is powered by a 5V DC
current converted by an adapter from an AC supply.

Figure 56. G-shield with power supply and motor connections
The fully wired machine was tested with trial jobs (see Figure 57).

99

Figure 57. Machine: assembled and wired

100

APPENDIX D SOFTWARE USED

The process is a Computer Assisted Machining (CAM) process. Software are used for
modelling the part, generating G-codes and controlling the machine. The following
software are utilized:
D.1 MakerCAM®
Maker CAM has basic sketch functions and it can generate G-code for different types of
machining operations such as Profile, cavity, boundaries etc. It allows the user to control
the process parameters such as feed rate, depth of step, Spindle speed (see Figure 58). A
convenient feature is the ability to import .SVG files. This allows for importing external
image files. One disadvantage of MakerCAM® is that it can only generate G-code for a 2D
object. This does not allow for milling 3D contours.

Figure 58. Screenshot of the MakerCAM® interface
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D.2 Inkscape®
Inkscape is useful for generating custom shapes. It is a software useful for editing graphics.
It can be used for cropping, shaping, sizing an image. It can also be used to extract selected
outlines from an image. The output files can be exported in .SVG files or vector forms.
D.3 Universal G-code sender®
It is a freeware used for communicating with CNC machine. It is a Java based
communicator which sends commands to GRBL based Arduino controller on the
Shapeoko. The G-code sender acts as an interface with the machine. It enables the user to
control the machine and change its settings. It allows the user to manually move the
machine or feed a G-code file to the machine. It also allows the user to visualize the tool
movements. This feature is useful since it allows the user to identify the potential flaws in
the G-code before actually running it. The machine is connected to the computer through
a USB cable.
D.4 SolidWorks
SolidWorks is a CAD software which offers a variety of sketching, modification, rendering
and simulation tools. Solidworks was used to create surfaces for the shape to be made.
Essentially the surface represented the tool path to be followed by the tool. For example, a
cone shaped surface was created for fabricating a cone. Some downloaded CAD files were
edited using Solidworks for making them suitable for forming. These operations included
generating a shell from a solid model, adding fillets for smoothening sharp edges, trimming
unwanted surfaces, scaling down or enlarging geometries, lofting surfaces etc.
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D.5 Slic3r®
Slic3r® is a freeware which generates G-codes for 3D printing parts. This tool can generate
toolpaths for 3D contours. The software allows the user to customize the process
parameters; printing velocity, step size and nozzle size can be customized by the user (see
Figure 59). Also, the filling style can be adjusted for support material generation. The
printing bed can be customized to fit different shapes and sizes. Other features include the
ability to orient the geometry and inserting text/ commands to the G-code file generated.

Figure 59. Screenshot of the Slic3r® GUI
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APPENDIX E FLIR INFRARED CAMERA

A FLIR systems b 40 infrared camera has been used for temperature measurements on the
sheet surface. The objects on the screen are displayed in different colors depending upon
their temperatures (see Figure 60). The precision can be improved using a laser which gives
a spot temperature. Still images can be taken by pressing a trigger on the camera.

Figure 60. FLIR b40 temperature measurement camera
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APPENDIX F RESULTING FORMS

The results from the omnidirectional HASPIF are shown below (see Figure 61 through
Figure 66);
F.1 Constant wall angle cone test

Figure 61. Constant wall angle cone - Repetition 1
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Figure 62. Constant wall angle cone - Repetition 2
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Figure 63. Constant wall angle cone - Repetition 3
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F.2 Varying wall angle cone test

Figure 64. Varying wall angle cone - Repetition 1
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Figure 65. Varying wall angle cone - Repetition 2
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Figure 66. Varying wall angle cone - Repetition 3
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APPENDIX G NEXT ENGINE SCANNER AND CLOUD COMPARE

A Next Engine desktop scanner was used for scanning the parts. The scanner generates
STL or XYZ (Point Cloud) files. The software also allows to edit the scanned part to
remove unwanted portions.
Cloud compare is a software for measuring point clouds. For taking angular measurements,
following steps were followed;
1. Importing Cloud Point into Cloud Compare
2. Using align tool. Three points are selected on the periphery and the cloud is aligned to
the top plane.
3. Sections are generated using the section tool (see Figure 67)
4. Using measurement between two points, the delta z, delta y/delta x distances are noted
at 4 points; two for each section. Using arctangent the slope angles are then estimated.
The points are selected at points having maximum angle before failure
5. The procedure is repeated 3 times for each scan to normalize the results and the angles
are then averaged (see Table 17).
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Figure 67. Angle measurement on the scanned file
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Table 17. Maximum angle measurements for different temperature settings

Off

250˚F

300˚F

1

31.89449

49.94922

44.95961

2

26.70212

42.91947

48.70272

3

23.29537

50.43076

42.60564

4

24.75960

44.18753

44.96278

5

22.84224

48.09982

54.42218

6

24.23011

39.2095

53.12359

7

36.83384

40.16212

47.3564

8

27.93984

47.6146

48.13853

9

16.70213

49.17543

45.91584

10

22.12223

51.01767

53.66899

11

23.87466

40.43428

48.13572

12

34.29271

40.66423

47.62332

13

39.61069

38.83841

47.71082

14

25.76891

50.32108

62.0858

15

23.36697

41.94907

53.29777

16

27.45628

60.63143

30.71636
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Table 17. (Cont.)
Off

250˚F

300˚F

17

28.6449

40.67591

59.50836

18

37.93565

51.34019

45.99166

19

31.71785

57.66617

45.55974

20

21.21516

40.06584

31.38906

21

25.22789

38.23718

31.03967

22

32.72332

55.9228

48.82045

23

27.17946

59.14292

33.41925

24

17.24426

42.5008

47.69755

25

22.72206

49.53347

47.69211

26

28.32938

50.91822

51.5831

27

28.78524

51.01552

50.42305

28

26.21607

45.14873

33.95497

29

31.23511

40.06268

55.12366

30

29.13963

46.12897

33.10824

31

28.61443

45.95826

49.76827

32

30.34657

43.5172

45.4248

33

30.12197

47.24427

56.57304
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Table 17. (Cont).
Off

250˚F

300˚F

34

16.10252

40.52153

36.76002

35

30.38617

43.90184

47.50815

36

22.34336

50.28093

14.07107
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GLOSSARY

SPIF

Single Point Incremental Forming

CAD

Computer Aided Design

CNC

Computerized Numerically Control

HFF

High Forming Forces Encountered

HA-SPIF

Heat Assisted Single Point Incremental Forming

FLD

Forming Limit Diagram

FFLD

Fracture Forming Limit Diagram

FEA

Finite Element Analysis
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